The actions of fibroblast growth factors (FGFs), particularly the basic form (bFGF), have been described in a large number of cells and include mitogenicity, angiogenicity and wound repair. The present review discusses the presence of the bFGF protein and messenger RNA as well as the presence of the FGF receptor messenger RNA in the rodent brain by means of semiquantitative radioactive in situ hybridization in combination with immunohistochemistry. Chemical and mechanical injuries to the brain trigger a reduction in neurotransmitter synthesis and neuronal death which are accompanied by astroglial reaction. The altered synthesis of bFGF following brain lesions or stimulation was analyzed. Lesions of the central nervous system trigger bFGF gene expression by neurons and/or activated astrocytes, depending on the type of lesion and time post-manipulation. The changes in bFGF messenger RNA are frequently accompanied by a subsequent increase of bFGF immunoreactivity in astrocytes in the lesioned pathway. The reactive astrocytes and injured neurons synthesize increased amount of bFGF, which may act as a paracrine/autocrine factor, protecting neurons from death and also stimulating neuronal plasticity and tissue repair.
Intracellular and intercellular signals represented by protein growth factors are responsible for important cellular functions like mitosis, growth, chemotaxis and maintenance of cells in vitro and in vivo (1) . Neurotrophic factors are substances with mitogenic activity on neurons and glial cells (2) . Neurotrophic factors may maintain survival of neurons in vitro and protect embryonic and mature neurons from neurotoxicity in vitro and in vivo (3) .
Since the discovery of nerve growth factor by Rita Levi Montalcini and Seymour Cohen in the 1950's as a soluble protein acting as a target-derived growth factor for sympathetic and sensory peripheral neurons, new neurotrophic factors and their mechanisms of action have been described (3) (4) (5) . The large diversity of growth factors acting on neurons indicates their functional complexity (2) . In general, the actions of neurotrophic molecules are related to the stage of development or maturity of the nervous tissue as well as to the stage of neuronal activation or lesion (6). Division, differentiation and maturation of neurons and glial cells are important actions of neurotrophic factors (7-9) during embryonic life. Furthermore, neurotrophic proteins expressed by the developmental central nervous system induce neuronal sprouting and outgrowth of fibers (10). Neurotrophic factors play a role also during adult life by inducing morphological and chemical changes in mature neurons (11-13).
Growth factors are grouped into families such as neurotrophins (10,14-17), epidermal growth factor family (18,19) and fibroblast growth factors (FGFs) (20) . The protein and messenger RNA of neurotrophic molecules have been described in most areas of the central nervous system (21) and many of them show trophic properties towards neurons (22). Some features concerning the role of neurotrophic molecules are their actions on specific neuronal groups (12,23) or neurons from different regions of the central nervous system (24). They can also modulate different intracellular messenger systems (25, 26) and the expression of immediate or secondary response genes (27, 28) . Furthermore, neurotrophic factors promote single or multifunctional actions on neurons and participate in intercellular communication events, which may lead to a modulation of their final effects in a neuronal cell population (26, 29) .
Nerve growth factor was the first described and to date is the best understood member of the neurotrophins. Nerve growth factor and the other members of its family, i.e., brain-derived neurotrophic factor and neurotrophin-3, have been found in the central nervous system (3, (30) (31) (32) . Insulin-like growth factor, transforming growth factor, epidermal growth factor and glial-derived neurotrophic factor are also examples of neurotrophic factors present in the central nervous system which show neurotrophic activity towards neurons (1, 12, 18, 21, 22, 25, 30, 33, 34) .
Trowell and collaborators (35) in the 1930's described the presence of high mitogenic activity of pituitary and brain extracts on fibroblasts. Purification procedures soon revealed the presence of two compounds, an acid one and a basic one, sharing 60% homology (36-38) which were called acidic (aFGF) and basic (bFGF) fibroblast growth factors, respectively. These molecules exert their effects on a large spectrum of cells, comprising fibroblasts and endothelial cells (39) and on nerve tissue including neurons and glial cells (40) .
Immunohistochemistry and in situ hybridization demonstrated the presence of aFGF mainly located in specific nerve cell groups of the central nervous system, like peripheral somatic motor neurons (41) . bFGF has also been described in many brain regions (42) (43) (44) (45) .
The spectrum of biological actions of bFGF includes mitogenicity and cell proliferation, differentiation, maintenance, migration and repair (46) . In view of the widespread distribution and multifunctional actions of bFGF, many reports regarding the role of this neurotrophic molecule in the central nervous system have been published in the last eight years.
It is known that bFGF is able to stimulate the proliferation of neuronal and glial progenitors isolated from adult rat brain (47) as well as to induce survival and differentiation of transplanted adult neuronal progenitor cells (48) . bFGF has been shown to enhance neurite outgrowth in cultured rat spinal cord and hippocampal neurons (49, 50) , which can be blocked by heparitinase or tyrosine inhibitors (49) . Furthermore, bFGF can inhibit apoptotic cell death of cultured cortical neurons from embryonic rats induced by Ca 2+ ionophores (51) .
Evidence has indicated that bFGF plays a role in the nigrostriatal dopamine system. bFGF has been demonstrated to be a potent trophic agent for embryonic, neonate and adult dopamine cells in vitro and in vivo (19, 52, 53) , while aFGF requires heparin for its effects on fetal midbrain neurons (19). Cells genetically modified to produce bFGF have potent growth-promoting effects and function on fetal dopamine neurons implanted into rats with experimental parkinsonism (54) . Although bFGF immunoreactivity is not modified in dopaminergic neurons of the substantia nigra during normal aging in humans, it is reduced in this cell group of patients with Parkinson's disease (55) , which suggests its role in neurodegenerative disorders.
Mappings of the bFGF protein and messenger RNA and its receptor messenger RNA as well as its altered synthesis following experimental brain lesions have been analyzed by immunohistochemistry and in situ hybridization radioautography in order to evaluate the role of bFGF in the adult brain. Immunohistochemistry and in situ hybridization are frequently employed in these analyses since they can be easily measured and permit evaluation of the responses at the cell level.
bFGF immunohistochemistry employing a bFGF polyclonal antibody shows bFGF immunoreactivity in the cytoplasm of neurons and in the nuclei of glial cells (42) (43) (44) (56) (57) (58) (59) widely distributed in the developing and mature rodent central nervous system (60) . However, the use of monoclonal bFGF antiserum has revealed the protein in the nuclei of glial cells throughout the forebrain and the midbrain as well as in the nuclei of some neuronal cells like those of layer II of retrosplenial granular cortex, the CA2 region of the hippocampus, the indusium griseum and the fasciola cinerea (45, 61) .
bFGF messenger RNA has been mapped in the embryonic and adult brain (58, (61) (62) (63) . In the normal adult rat, hybridization of 35 Slabelled bFGF cRNA densely labelled neurons in few discrete areas, including the tenia tecta, indusium griseum, and hippocampal stratum pyramidale of regions CA2, as illustrated in Figure 1A ,B. Diffuse distribution of radioautographic labelling throughout the forebrain is suggestive of localization in glial cells (63) .
The FGFs function through high affinity plasma membrane receptors with tyrosine kinase activity (49, 64, 65) . Different subtypes of FGF receptors have been described in the central nervous system (66, 67) , explaining the multifunctional action of bFGF (67) .
A large number of nerve cell populations in the adult rat brain were found to express FGF receptor messenger RNA using a rat FGF receptor cRNA probe which showed moderate labelling in the dopamine cell bodies of the substantia nigra and ventral tegmental area and other aminergic nerve cell groups in the brainstem (43, 68) . Strong labelling was detected over pyramidal cells in all subregions of the cornus Amon, particularly in the CA2 subregion, as well as in the dentate gyrus (43, 68) . Figure 1F shows high expression of the FGF receptor signal in the pyramidal cell layer of the hippocampal formation and in the dentate gyrus in a coronal section of the adult mouse brain by means of in situ hybridization radioautography using a riboprobe for the full length (flg) of the FGF receptor. Subtypes of the FGF receptor have just started to be mapped and FGF receptor type 1 messenger RNA was described in the embryonic and adult rat central nervous system (62).
bFGF is synthesized as different molecular mass isoforms which lack the signal peptide sequence for secretion. The different forms are translated via alternate initiation codons. High molecular weight forms of the bFGF initiate at CUG codons, whereas the 18-kDa form initiates at an AUG codon (69) . The low 18-kDa isoform is mainly localized in the cytosol and the high molecular mass isoforms (21-24 kDa) possess a signal sequence directing their nuclear translocation (70) . It might be possible that the cytosolic and nuclear localization of bFGF isoforms is G. Chadi and K. Fuxe Figure 1 -Photomicrographs of film autoradiograms (A-D,G) and bright-field microscopy (E) of coronal sections of rat brain showing in situ hybridization of bFGF mRNA (A-D) and tyrosine hydroxylase mRNA (G) after unilateral nigral injection of saline (A-B) or 6-hydroxydopamine (6-OHDA) (C,D,G). The bFGF mRNA signal is seen in the CA2 region of the hippocampal formation (arrows in A) as well as in the indusium griseum (arrows) and subventricular regions (arrowheads) (B). The ipsilateral caudate putamen nucleus (C) and the ipsilateral pars compacta of the substantia nigra and ventral tegmental area (D) show a strong increase in bFGF mRNA 24 h and 7 days after the neurotoxin injection, respectively. After film emulsion dipping of the hybridized section, bright-field microscopy of the bFGF mRNA signal shows silver grains over cresyl violet-counterstained small putative glial nuclei (arrows) in the sections from the pars compacta (E) of a 6-hydroxydopamine (7 days)-injected rat. Clusters of silver grains are not found over putative neuronal profiles (arrowheads) in the above cited regions (E). Disappearance of tyrosine hydroxylase mRNA is observed in the region of dopaminergic lesions (arrows in G). Double immunofluorescence shows bFGF immunoreactivity in the nuclei of glial fibrillary acidic protein-immunoreactive astrocytes (H). Figure F illustrates the presence of the FGF receptor (flg) mRNA signal in the film autoradiograms localized in the hippocampal formation of mouse brain (arrows). Scale bars = 1000 µm (A-D,F,G), 50 µm (E), 25 µm (H).
A B C D E F G H
related to different functional properties of the molecule (69) . Nuclear bFGF has been considered to be involved in the regulation of nuclear events such as gene expression and transcription (65, 71) . Furthermore, the synthesis of bFGF proteins could play a role in cell function by modifying the intracellular signaling pathway, by modulating both adenylate cyclase activity and the regulatory G-proteins and also by interfering with cAMP to regulate cell proliferation (72) . The different molecular weight forms of bFGF also show functional differences on FGF receptor function. It was reported that the 22.5-kDa isoform of the bFGF acts by increasing FGF receptor type 1 messenger RNA stability, thus enhancing cell responses to exogenous bFGF (73) . It has been postulated that intracellular bFGF is released by alternative mechanisms (18). The extracellular matrix represents a natural reservoir for various heparin-binding growth factors (66) . bFGF interacts with heparin-like polysaccharides and the heparan sulfate proteoglycans of the extracellular matrix may also be involved in the presentation of bFGF to its cell surface high affinity receptor located in the neuroglia and neurons, even though this is not essential for high affinity binding to occur (74, 75) . This interaction may facilitate the signal transduction pathway of the molecule (76), thus providing a regulatory mechanism for its paracrine biological activity (77, 78) . After binding to heparan sulfate proteoglycans or to FGF tyrosine kinase receptors, bFGF is internalized by different pathways (79) .
Heparin-binding growth factors, i.e. bFGF, are thought to play a role in the processes of tissue homeostasis, regeneration or repair following injury. These factors are active upon release from neighboring inflammatory or lesioned cells, as well as upon release from heparan sulfate associated with the extracellular matrix (80) . It is known that the cells of a mechanically injured tissue release biologically active substances and that the conditioned medium from injured cultured cells is highly mitogenic probably due to the presence of growth factors (18). Since bFGF has been reported to induce its own gene expression (71) , once released it might be responsible for the increase in bFGF messenger RNA in the neighborhood of the lesioned cell. Sublethal injury triggers the increases in the transcriptional activation of the bFGF gene which may be related to the recovery from cell injury (81) .
Regulation of the bFGF protein and messenger RNA at the cellular level following experimental lesions applied to the rat brain has been analyzed in order to evaluate the trophic responses of the adult central nervous system. 6-Hydroxydopamine is known to induce lesion in the ascending dopamine pathway and to promote experimental parkinsonism in rats (61) . Figure 1G shows a radioautogram of in situ hybridization of the tyrosine hydroxylase messenger RNA to demonstrate the disappearance of the signal in the pars compacta of the substantia nigra and ventral tegmental area following injury to dopamine cells of a rat that received a stereotaxic nigral injection of 6-hydroxydopamine and was sacrificed 7 days later.
Chadi and collaborators (61) demonstrated by means of in situ hybridization a sustained (from 4 h to 2 weeks) and strong (300-400% of control, at the peak intervals) increase of bFGF messenger RNA in the pars compacta of the substantia nigra and the ventral tegmental area ipsilateral to the lesion. A short-lasting increase of bFGF RNA was observed in the ipsilateral pars reticulata of the substantia nigra (from 4 h to 24 h, 300% of control) and neostriatum (24 h, 180% of control) as well as in the ipsilateral and contralateral hippocampus and neocortex (by 4 h, 200% of control). Figure 1C ,D illustrates the expression of bFGF messenger RNA in the lesioned neostriatum and lesioned pars compacta of the substantia nigra and ventral tegmental area, 24 h and 7 days after a unilateral nigral injection of 6-hydroxydopamine. The degree of the changes in the bFGF messenger RNA signal in the hybridized sections was quantitated by means of image analysis and the results obtained for the pars compacta of the substantia nigra/ ventral tegmental area and for the neostriatum are shown in Figure 2 . Bright-field microscopy demonstrated an increased number of putative glial cells expressing the bFGF messenger RNA signal ( Figure 1E ). bFGF immunohistochemistry revealed that as early as 2 h after drug injection, the density of glial bFGF immunoreactive profiles was increased in the pars compacta of the substantia nigra and the ventral tegmental area. bFGF immunoreactivity was increased in the nuclei of astrocytes only within the ipsilateral substantia nigra and ventral tegmental area at 72 h, and 1 week after the injection of 6-hydroxydopamine (61) . Figure 1H shows a double immunofluorescence for the simultaneous detection of the bFGF and glial fibrillary acidic protein (a marker for astrocytes) immunoreactivity in the pars compacta of the substantia nigra of a 7-day-6-hydroxydopamine-lesioned rat. Reactive astrocytes show hypertrophied cytoplasm and processes and increased bFGF immunoreactivity.
Mechanical lesions of the central nervous system also trigger increases of bFGF and its messenger RNA in reactive astrocytes mostly localized close to the wound. The upregulated synthesis of the astroglial bFGF, as seen by the increase in bFGF messenger RNA and protein after mechanical lesion, was described following implantation of a microdialysis probe into the rat hippocampus (59) .
The trophic responses of bFGF have been also evaluated in the forebrain of the rat submitted to exotoxicity (58, 82) . Radioactive in situ hybridization revealed a fast (6 h), strong (300-400% of control) and widespread increase of bFGF messenger RNA after kainate-induced epileptic seizures (58) . Transcript analysis at the cellular level by nonradioactive in situ hybridization revealed a marked increase of messenger RNA in the nuclei of astrocytes in several forebrain regions. These changes were accompanied by an enhancement of bFGF immunoreactivity in the nuclei of reactive astrocytes (58) .
The expression of bFGF messenger RNA is not only triggered by strong lesions like the one induced by 6-hydroxydopamine on dopamine cells (61) but is highly enhanced following the acute stage of focally evoked convulsive seizures (83) and cerebral contusion (84) . Brief exposure to hypoxia also induces increases in bFGF messenger RNA and protein which are considered to protect rat cortical neurons from prolonged hypoxic stress (85) . It is interesting that perinatal asphyxia during birth triggers increases in bFGF gene expression that are accompanied by an increased number of dopamine nerve cell bodies in the mesencephalon of the rat (86) . Hypoxia of the mature nervous tissue also increases bFGF messenger RNA (87) .
Bilateral recurrent seizure activity induced by a focal stainless-steel wire in the hippocampal hilus increases bFGF messenger RNA in astrocytes throughout the forebrain and also in neurons of the dentate gyrus and olfactory cortex (63) . Furthermore, it was also shown that limbic motor seizures produced by kainate injection trigger a fast elevation of bFGF gene expression in rat hippocampus and striatum. In the hippocampus, a fast increase of bFGF messenger RNA was localized in the neurons of the dentate gyrus and the CA1 layer, whereas the messenger RNA levels remained unchanged in astrocytes. It is also possible that the neuronal activity may regulate the bFGF gene expression in an autocrine and intracrine fashion at an early time, whereas delayed expression is related to paracrine trophic actions taking place in the activated astrocytes following neuronal injury (82) . It is possible that the expression of bFGF messenger RNA in neurons is related to the degree of neuronal activation since enhanced noradrenergic tone evoked by the lipophilic beta-adrenergic receptor agonist clenbuterol elicited only an increase in the levels of glial bFGF messenger RNA as seen in the cerebral cortex and hippocampus (32) .
The increased synthesis of bFGF following lesions of the central nervous system is accompanied by an increased gene expression of the FGF receptor as seen by in situ hybridization technique (88) .
Expression of c-fos messenger RNA after cortical ablation in the rat brain is modulated by bFGF and the NMDA receptor is also involved in the expression of this immediate early gene (89) . Furthermore, bFGF may maintain the homeostasis of the intracellular Ca 2+ concentration and thus protect against glutamate-induced neurotoxicity (64) .
It is well known that the interactions between glial cells and neurons are important for neuronal trophism in the central nervous system (8,34,52,90); however, the neurotrophic factor-mediated paracrine trophic actions of glial cells on neurons are only now beginning to be investigated.
Astroglial cells express neurotrophic and/ or neurite growth-promoting factors that are regulated during development and/or after central nervous system lesions and exert protective or regenerative effects on neurons following lesions (8,91).
The glia-promoted neuronal trophism via trophic factors has been described in several neurotransmitter systems. It is known that bFGF reduces the number of dopamine cells undergoing apoptotic cell death and also alters motor function and improves the survival of fetal ventral mesencephalic grafts, actions that depend on the proliferation of glial cells since they were blocked by cytosine arabinoside (34, 92) . Furthermore, bFGF can influence the survival of cholinergic neurons by stimulating and increasing glia, which may produce factor(s) that are necessary for cholinergic neuron survival (93) . It was speculated that trophic responses to multiple growth factors may compensate for the endogenous deficiency in glial factors and/or the presence of glial inhibitory factors in the central nervous system (33) .
The interactions between glial cells may modulate the paracrine trophic actions of these cells to neurons. Interleukins released by reactive microglia following brain injury are capable of stimulating the synthesis of neurotrophic factors by astrocytes (90) . In fact, it was demonstrated that interleukin-1 beta increases bFGF messenger RNA expression in adult rat brain and organotypic hippocampal cultures (94) . Figure 3 illustrates some possible autocrine, intracrine and paracrine mechanisms of the upregulated glial bFGF following a central nervous system lesion.
Although regeneration of injured neurons does not occur after trauma in the central nervous system, functional recovery is commonly observed. The increased trophic 
